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A beet yellows closterovirus (BYV) variant expressing green fluorescent protein and leaves of BYV local lesion host
Claytonia perfoliata were used to reveal genetic requirements for BYV cell-to-cell movement in leaf epidermis and mesophyll.
A series of mutations targeting genes that are not involved in amplification of the viral positive-strand RNA was analyzed. The
products of genes coding for a 6-kDa hydrophobic protein (p6) and a 64-kDa protein (p64), as well as for minor and major
capsid proteins, were found to be essential for intercellular translocation of BYV. In a previous work, we have demonstrated
that the BYV HSP70-homolog (HSP70h) also plays a critical role in viral movement (V. V. Peremyslov, Y. Hagiwara, and V. V.
Dolja, 1999, Proc. Natl. Acad. Sci. USA, 96, 14771–14776). Altogether, a unique protein quintet including three dedicated
movement proteins (p6, p64, and HSP70h) and two structural proteins is required to potentiate the cell-to-cell movement of
a closterovirus. The corresponding BYV genes are clustered in a block that is conserved among diverse representatives of
the family Closteroviridae. © 2000 Academic Press
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Over the past decade, the cell-to-cell movement of
plant viruses has been a rapidly progressing area of
plant virology and cell biology (e.g., Hull, 1989; Atabekov
and Taliansky, 1990; Deom et al., 1992; Maule, 1994;
Lucas and Gilbertson, 1994; Carrington et al., 1996;
McLean et al., 1997; Lazarowitz and Beachy, 1999).
Whereas the cellular components of the machinery
translocating viruses between cells are yet to be identi-
fied, a wealth of data on the viral proteins involved in this
process has been generated. At least two classes of
these movement-associated proteins can be delineated.
The first class includes dedicated movement proteins
(MPs) whose main role in the virus life cycle appears to
potentiate virus translocation from cell to cell. The sec-
ond class comprises proteins that participate in move-
ment and other processes such as genome replication or
virion assembly.
The number of virus-specific protein components of
translocation machinery vary dramatically among plant
virus families. The seemingly simplest and best studied
examples are provided by the rod-shaped tobacco mo-
saic virus (TMV) and icosahedral red clover necrotic
mosaic virus (RCNMV). Each of these viruses requires
only a ;30-kDa MP in order to move from cell to cell,
whereas the capsid protein (CP) is dispensable for this
process (Deom et al., 1987; Dawson et al., 1988; Gies-
an-Cookmeyer and Lommel, 1993; Xiong et al., 1993). It
as been suggested that the RNA genomes of TMV and1 To whom correspondence and reprint requests should be ad-
ressed. Fax: (541) 737-3573. E-mail: doljav@bcc.orst.edu.
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192CNMV move in a complex with MP (Citovsky et al.,
990; Fujiwara et al., 1993). In addition to RNA-binding
ctivity, MPs of these viruses were implicated in plas-
odesmatal targeting (Tomenius et al., 1987; Oparka et
l., 1997), in affecting permeability of plasmodesmata
Wolf et al., 1989; Storms et al., 1998), in binding cytoskel-
tal elements (Heinlein et al., 1995; McLean et al., 1995),
nd in association with the ER (Heinlein et al., 1998;
eichel et al., 1999).
The bipartite geminiviruses possess a two-component
ranslocation machinery with one MP mediating transfer
f viral DNA from nucleus to cytoplasm, and another
otentiating its cell-to-cell translocation (Nouery et al.,
994; Pascal et al., 1994; Sanderfoot et al., 1996). Remark-
bly, the former MP functions in association with the
ortical ER (Ward et al., 1997).
A distinct two-component machinery operates in
ranslocation of comoviruses and several other plant
irus families. These components include an MP forming
ubular structures traversing cell walls, and CPs assem-
ling virions that are found inside the tubules (Wellink
nd van Kammen, 1989; van Lent et al., 1990; Perbal et
l., 1993; Kasteel et al., 1997).
Intercellular movement of potyviruses still remains an
enigma. Although it was demonstrated that potyviral CP,
RNA helicase, and, possibly, P3 are involved in cell-to-
cell movement (Dolja et al., 1994a; Carrington et al., 1998;
Rodriguez-Cerezo et al., 1997), none of these proteins
can be considered as dedicated MP, suggesting that the
potyviral translocation machinery is composed of multi-
functional proteins that are also required for genome
replication and assembly.
In hordeiviruses, the movement is potentiated by three
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193CELL-TO-CELL MOVEMENT OF CLOSTEROVIRUSMPs encoded by a triple gene block (TGB; Petty and
Jackson, 1990). TGB is also found in potexviruses (Beck
et al., 1991), in beet necrotic yellow vein virus (Gilmer et
al., 1992), and in several other virus genera (e.g., Rupa-
ov et al., 1989; Kanyuka et al., 1992; Koenig et al., 1996;
erzog et al., 1998). Since in addition to TGB MPs, the
ell-to-cell movement of potexviruses requires the CP,
his group possesses the four-component translocation
achinery (Chapman et al., 1992; Santa Cruz et al., 1998).
lthough the exact mechanisms by which diverse vi-
uses translocate themselves from cell to cell may be
ifferent, important elements of the general picture are
tarting to emerge (Lazarowitz and Beachy, 1999; Reichel
t al., 1999).
Until recently, closteroviruses were terra incognita on
he maps of virus movement. Genome analysis revealed
hat closteroviruses do not possess members of the MP
amilies found in other virus taxa (Dolja et al., 1994b). In
he infected plants, closteroviruses are associated pref-
rentially with the phloem (Bar-Joseph et al., 1979). In
articular, virions of citrus tristeza virus and lettuce in-
ectious yellows virus were found exclusively in the
hloem cells of citrus and lettuce plants, respectively
Price, 1966; Hoefert et al., 1988). On the other hand, beet
ellows virus (BYV) that is a prototypic closterovirus is
apable of exiting from the vascular tissue, translocating
etween the leaf mesophyll cells, and reaching epider-
is in several host species (Esau, 1960; Esau and
oefert, 1971; Medina et al., 1999). The relatively broad
ost range of BYV includes plant species that respond
ith localized or systemic infection to mechanical inoc-
lation with the virus (Russel, 1963; Duffus, 1973). Be-
ause of that, BYV provides a most convenient experi-
FIG. 1. Genomic map of the BYV-GFP and mutations designed for pr
coding for a leader proteinase (L-Pro), an RNA replicase possessin
domains, a 6 kDa-protein (p6), an HSP70 homolog (HSP70h), a 64 kDa-
encoded by an ORF F, for foreign), a major capsid protein (CP), a 20
self-cleavage by L-Pro. The bottom part is an expanded view showing O
replacements.ental system for studying closterovirus cell-to-cell
ovement.The recent generation of full-length cDNA clones has
ermitted a functional analysis of closteroviral genomes,
he largest among plant viruses. It was demonstrated
hat the products of ORFs 1a and 1b located in the
9-terminal region of the genome are the only proteins
ssential for the RNA replication (Klaassen et al., 1996;
eremyslov et al., 1998; Satyanarayana et al., 1999).
hese products include papain-like leader proteinase
L-Pro) and bona fide replicase possessing methyltrans-
erase, RNA helicase, and RNA polymerase domains
Fig. 1; Agranovsky et al., 1994; Klaassen et al., 1995;
arasev et al., 1995; Peremyslov et al., 1998).
Although the regions outside ORFs 1a and 1b show
onsiderable variation in gene content, a block of five
enes is conserved among all members of the diverse
amily Closteroviridae (Dolja et al., 1994b). In BYV, this
lock encodes a 6-kDa hydrophobic protein, a homolog
f HSP70, a 64-kDa protein, as well as minor and major
apsid proteins (CPm and CP, respectively; Fig. 1;
granovsky et al., 1991). None of these five proteins is
required for BYV RNA replication or transcription (Pere-
myslov et al., 1998; Hagiwara et al., 1999). The filamen-
tous virions of closteroviruses possess a long body and
a short tail that are formed by the CP and CPm, respec-
tively (Agranovsky et al., 1995; Tian et al., 1999). The
remaining, 39-proximal BYV ORFs code for a 20-kDa
protein of unknown function, and for a 21-kDa protein
required for efficient RNA accumulation (Peremyslov et
al., 1998).
Closteroviruses are the only viruses that encode a
homolog of HSP70 molecular chaperones found in all
cells (HSP70h). In a recent work, we demonstrated that
BYV HSP70h is a closteroviral MP, being the only known
unctions of the five BYV genes. The top part shows ORFs from 1a to 8
ive methyltransferase (MET), helicase (HEL), and polymerase (POL)
(p64), a minor capsid protein (CPm), a green fluorescent protein (GFP;
otein (p20), and a 21 kDa-protein (p21). The arrow marks the site of
through 7 with the mutations studied. Asterisks designate start codonobing f
g putat
protein
kDa-prMP closely related to a cellular protein (Peremyslov et al.,
1999). Similar to TMV MP, BYV HSP70h is expressed
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194 ALZHANOVA ET AL.early in infection (Hagiwara et al., 1999), is found in
plasmodesmata (Medina et al., 1999), and possesses an
n vitro microtubule-binding ability (Karasev et al., 1992).
ere, we have tested the roles of all nonreplicational
YV proteins in virus movement between the leaf epider-
is and mesophyll cells and demonstrate that the clos-
eroviral translocation machinery includes three dedi-
ated MPs and two structural proteins. This five-compo-
ent machinery is the largest among currently described
or any plant virus.
RESULTS
A tagged BYV variant expressing free GFP (BYV-GFP)
as used throughout this study. The cell-to-cell move-
ent of BYV-GFP in the inoculated leaves of the virus
ocal lesion host, Claytonia perfoliata, was monitored via
luorescent microscopy (Peremyslov et al., 1999). All mu-
tations were introduced into the BYV-GFP background,
and the resulting mutants were compared to the parental
variant in their ability to move between the cells of the
leaf epidermis and mesophyll. Figure 2A illustrates the
size distribution of BYV-GFP-induced infection foci; al-
though 20% of them remained unicellular at 10 days post
inoculation (d.p.i.), the majority of the foci were multicel-
lular with diameters ranging from 2 to 9 cells. As we have
demonstrated previously, free GFP produced in mature
leaves of C. perfoliata using mechanical inoculation by
BYV-GFP was able to move from cell to cell only when
expressed by a movement-competent virus (Peremyslov
et al., 1999).
6-kDa hydrophobic protein and 64-kDa protein are
BYV MPs
It was previously observed that the 6-kDa protein (p6)
of BYV bears a marginal similarity to one of the TGB MPs
(Agranovsky et al., 1991). To test the predicted role of this
rotein in virus movement, two point mutations were
ntroduced into ORF 2 (Fig. 1). The first mutation, named
op6, inactivated the ATG start codon via replacing it
ith ATA; since no other methionine codons are present
n ORF 2, this mutation resulted in complete arrest of p6
xpression. In vitro translation experiments showed that
o product was directed by corresponding mutant mRNA
data not shown). The second mutation, p6TAG, was
esigned to express a truncated form of p6 due to intro-
uction of a premature termination codon after the 15th
odon of the 54 codon-long ORF 2.
Inoculation of C. perfoliata leaves demonstrated that
ach of the two p6 mutants was completely restricted to
ingle inoculated cells, whereas 80% of the foci formed
y the parental BYV-GFP variant were multicellular at
0 d.p.i. (Table 1). It cannot be formally excluded that
hese mutations affected expression of the HSP70h,hich is required for BYV cell-to-cell movement (Pere-
yslov et al., 1999). The ORFs 2 and 3 encoding p6 and
t
sSP70h, respectively, overlap by one nucleotide, and it is
ot known if their products are expressed from the same
r separate subgenomic RNAs. Because of that, muta-
ions introduced into p6 ORF could affect transcriptional
r translational control of HSP70h expression. It seems,
owever, unlikely that each of these point mutations
ocated at the distance of 45 nucleotides from each other
esulted in inactivation of HSP70h expression. In fact, in
itro translation studies using synthetic mRNA possess-
ng ORFs 2 and 3 showed that Nop6 and p6TAG variants
roduced elevated levels of HSP70h (not shown).
The proteins related to BYV 64-kDa protein (p64) are
onserved among all closteroviruses (Zhu et al., 1998),
hereas they exhibit no significant similarity to any non-
losteroviral proteins in the database. Analysis of multi-
le alignments of the p64-like proteins suggested that
FIG. 2. Size distribution analysis of fluorescent infection foci pro-
duced at 10 days post inoculation of RNA transcripts to C. perfoliata
leaves. (A) The parental BYV variant (BYV-GFP). (B and C), two BYV-GFP
variants harboring the mutant forms of the ORF 7 coding for p20. n,
number of analyzed infection foci.he p64 molecule can be subdivided into a highly con-
erved C-terminal domain and less conserved N-termi-
lticellul
f
195CELL-TO-CELL MOVEMENT OF CLOSTEROVIRUSnal domain (E. V. Koonin and V. V. D., unpublished data).
Three mutations were designed to probe the function of
p64 in the BYV life cycle (Fig. 1). The Nop64 mutation
inactivated the start codon in the ORF 4. The closest,
downstream, in-frame ATG is not in an optimal context; if
it were to initiate translation, the resulting product would
be shorter by 30 amino acid residues. The second mu-
tant, N64S, acquired two stop codons in place of codons
325 and 326 in ORF 4. This mutant can express only the
N-terminal domain of p64. In the third mutant, designated
D64N, most of the N-terminal domain was deleted, re-
sulting in expression of the conserved C-terminal do-
main fused to the first 32 residues of the N-terminal
domain. The corresponding 59-terminal stretch of ORF 4
was left intact since it overlaps the 39-terminal part of
ORF 3 coding for HSP70h. Deletion of this region would
result in movement-incompetent virus due to loss of
HSP70h function.
In the plant inoculation experiments, all three variants
with the mutant p64 forms exhibited identical movement-
deficient phenotypes. All of the 301 fluorescent infection
foci observed for these mutants were represented by
single cells at 10 d.p.i. (Table 1), demonstrating that intact
p64 is essential for BYV movement from cell to cell.
Since p6 and p64 are superfluous for BYV RNA repli-
cation and transcription (Peremyslov et al., 1998; Hagi-
wara et al., 1999), whereas each of these proteins is
essential for BYV cell-to-cell movement, p6 and p64 fit
the definition of the plant virus MPs.
Each of two structural proteins is essential for BYV
cell-to-cell movement
Closteroviruses possess filamentous particles of a pe-
culiar, tailed morphology. It seemed intriguing to reveal
the roles of the minor and major BYV CPs in virus local
spread. To this end, we generated two types of the CPm
and CP mutants (Fig. 1). In NoCPm mutant, replacement
of the start codon was expected to result in production of
the truncated CPm variant missing 20 N-terminal amino
acid residues, provided that the second ATG codon was
used as a start codon. The analogous NoCP mutant was
incapable of producing CP, because no additional ATG
T
Cell-to-Cell Movement of BYV-GFP and Its De
Virus variant BYV-GFP Nop6 p6TAG No
Mutant ORF No. N/A 2 2
No. of foci observed 238 52 115
% of multicellular focia 80 0 0
a All foci with diameters of two cells and larger were considered mu
orm on Fig. 2A.codons are present in ORF 6. This expected phenotype
of the NoCP mutant was confirmed in protoplast trans-fection experiments (not shown). The second type of
mutations targeted arginine residues that are invariant
among all CPs of filamentous viruses including clostero-
viral CPs and CPms (Dolja et al., 1991; Boyko et al., 1992).
In CPmD and CPD mutants, these residues were re-
placed with aspartic acid residues. As it was shown
previously for the tobacco etch potyvirus, an equivalent
mutation resulted in assembly-incompetent virus that
was incapable of moving from cell to cell (Dolja et al.,
1994a).
Test plant inoculations revealed that each of the four
mutations targeting CPm and CP arrested BYV move-
ment from cell to cell (Table 1). Each of the 572 foci
detected at 10 d.p.i. was composed of a single fluores-
cent cell. These data provided compelling evidence for
essential roles of CPm and CP in cell-to-cell transloca-
tion of BYV.
RNA encapsidation and cell-to-cell movement
The requirement for each of the two BYV structural
proteins for the cell-to-cell movement suggested that
RNA encapsidation is a prerequisite for virus transloca-
tion. To further explore this possibility, we have tested
encapsidation of the mutant RNAs using transfected pro-
toplasts and indirect RNA protection assay (Wu and
Shaw, 1996; Medina et al., 1999). In brief, tobacco proto-
plasts were harvested and homogenized at 4 days after
transfection with RNA transcripts. The homogenates
were incubated at 37°C to allow degradation of nonen-
capsidated RNA by endogenous RNases. The RNAs
were isolated, and the presence of encapsidated and
protected viral RNA was assessed using RT-PCR and
primers designed to amplify a 750 nt region in BYV ORF
1a. The deletion mutant GUS-p21, lacking ORFs 2 through
7 including the ORFs encoding CPm and CP (Hagiwara
et al., 1999), was used as a negative control, whereas
nonmodified BYV-GFP variant served as a positive con-
trol. In addition, the RNA preparations obtained from
each protoplast sample prior to incubation of extract at
37°C were analyzed by RT-PCR to ensure that successful
genome amplification occurred.
As expected, the GUS-p21 mutant was incapable of
s Harboring Mutations in ORFs 2, 4, 5, and 6
N64S D64N NoCPm CPmD NoCP CPD
4 4 5 5 6 6
173 80 114 114 124 220
0 0 0 0 0 0
ar. The focus size distribution for BYV-GFP is also shown in histogramABLE 1
rivative
p64
4
48
0RNA encapsidation; no corresponding RT-PCR product
was detected using the RNase protection assay (Fig. 3).
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196 ALZHANOVA ET AL.Likewise, the CP-deficient NoCP mutant was defective in
RNA encapsidation (Fig. 3). Furthermore, CPD mutant
producing CP with the replacement of the invariant
Arg114 residue was also deficient in RNA encapsidation.
These results indicated that the CPm alone is incapable
of coating the complete BYV genome.
In contrast, in each of the analogous CPm mutants the
internal region of BYV RNA has been protected (Fig. 3).
However, we did not test for the presence of the virion
“tails” normally formed by CPm. It seems likely that these
tails were absent from particles assembled by NoCPm
and CPmD mutants resulting in movement-deficient phe-
notypes (see above).
We were also interested to see if the formation of
functional p6 and p64 is required for RNA protection. As
it is evident from Fig. 3, the two tested mutants, Nop6 and
D64N, exhibited no detectable defects in protection of
the internal part of virion RNA, suggesting that none of
these proteins is required for the assembly of the virion
body. However, it is possible that one or both of these
proteins can assist in formation of the virion tail or other,
unidentified components of the BYV particle.
20-kDa protein is not required for virus movement
from cell to cell
FIG. 3. Analysis of RNA encapsidation in protoplasts using indirect
RNA protection assay and RT-PCR. The products of RT-PCR amplifica-
tion were separated in a 2% agarose gel. Lane 1 represents the
analysis of the RNA derived from the protoplasts transfected using
GUS-p21 variant (negative control); lane 2, Nop6 mutant; lane 3, D64N
mutant; lane 4, NoCPm mutant; lane 5, CPmD mutant; lane 6, NoCP
mutant; lane 7, CPD mutant; lane 8, parental BYV-GFP (positive control).
(A) RT-PCR analysis of RNAs isolated after incubation of protoplast
extracts at 37°C. (B) Similar analysis of the RNAs isolated prior to
incubation at 37°C. The primer pair used for RT-PCR analysis was
specific for the internal RNA region. M, size markers; the lengths of two
DNA fragments in base pairs are shown at the left.The 20-kDa BYV protein (p20) has no close relatives
among other closteroviruses (Dolja et al., 1994b; Zhu et
tal., 1998). In order to address the possible role of p20 in
BYV cell-to-cell movement, we designed two mutants
(Fig. 1). The Nop20 mutant lacked the start codon in ORF
7; the second, in-frame, ATG codon is located at a dis-
tance of 68 codons from the ORF’s beginning. In another
mutant, Dp20, the region from the first to 71st codons
was deleted such that the use of the last remaining ATG
codon for translation initiation would result in production
of only a C-terminal, 55 residue-long polypeptide. Further
extension of this deletion in the 39-direction could affect
expression of the downstream ORF 8 that is required for
RNA accumulation (Peremyslov et al., 1998).
In contrast to all characterized mutants harboring de-
fects in ORFs 2, 4, 5, and 6, each of the ORF 7 mutants
tested positive for its ability to move from cell to cell upon
inoculation to leaves of C. perfoliata (Figs. 2B and 2C).
Quantitative analysis revealed that 70% of the infection
foci found for Nop20 mutant were multicellular compared
to 80% in the parental BYV-GFP (cf. Figs. 2A and 2B). The
proportion of the multicellular foci was somewhat lower
for the Dp20 mutant (60%; Fig. 2C). Statistical evaluation
of the data revealed that Nop20 and Dp20 variants were
each significantly different from the parental BYV-GFP
(P , 0.001). We concluded that p20 is not essential for
the BYV cell-to-cell movement, although this protein may
provide an accessory function required for the efficient
translocation of virus.
DISCUSSION
The purpose of this work was to identify nonreplica-
tional genes required for BYV cell-to-cell movement us-
ing BYV expressing GFP as a reporter protein. As we
have demonstrated, the BYV-GFP system provides an
accurate measure of virus movement in the mature
leaves of C. perfoliata: no intercellular translocation of
the free GFP without the aid of virus was observed (cf.
Peremyslov et al., 1999; Oparka et al., 1999). We have
nalyzed 11 point mutations and deletions targeting five
YV ORFs that are superfluous for genome replication
nd transcription (Peremyslov et al., 1998; Hagiwara et
l., 1999).
The products of ORFs 2, 4, 5, and 6 were found to be
ssential for BYV cell-to-cell movement. Together with
he ORF 3-encoded HSP70h, whose critical role in BYV
ovement was recently described (Peremyslov et al.,
999), BYV requires at least five proteins for intercellular
ranslocation. For three of these proteins, namely p6,
SP70h, and p64, potentiation of the cell-to-cell move-
ent appears to be a primary function. Because of that,
6, HSP70h, and p64 fall into the ranks of the plant viral
Ps. Since none of the movement-associated proteins
lone is sufficient for BYV translocation, it seems likely
hat these proteins function in a coordinated or interac-
ive fashion.
It is an important question if the assembly of the
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197CELL-TO-CELL MOVEMENT OF CLOSTEROVIRUSunusual tailed virions is a prerequisite for BYV translo-
cation. The fact that cell-to-cell movement requires each
of the viral structural proteins suggests that the virion is
the transported form. Moreover, movement-deficient
phenotype of the CPD mutant that produces assembly-
incompetent CP further supports this hypothesis. An in-
teresting aspect of the role of the virions in cell-to-cell
movement is a possible involvement of one or more of
BYV MPs into aiding assembly. Although it appears that
none of the MPs is required for the assembly of the virion
body (Medina et al., 1999; this paper), it is possible that
BYV MPs are involved in the formation of functional,
tailed virions.
Colocalization of the HSP70h with virions in BYV-in-
fected cells (Medina et al., 1999), as well as detection of
SP70h in partially purified preparations of lettuce infec-
ious virus (LIYV; Tian et al., 1999), suggested the phys-
cal association between this protein and virions. The
IYV 59-kDa protein which is homologous to BYV p64
as also found in these preparations (Tian et al., 1999).
oreover, recent observations indicated that each of the
omologs of BYV p6, HSP70h, and p64 encoded in citrus
risteza virus (CTV) is required for the formation of infec-
ious virions in transfected protoplasts (W. O. Dawson,
ersonal communication). These indirect data strongly
uggest that virion assembly is an important aspect of
losteroviral movement from cell to cell. It remains to be
etermined what other activities of p6, HSP70h, and p64
ontribute to closteroviral translocation. Localization of
he BYV HSP70h to plasmodesmata (Medina et al., 1999)
ndicates that this molecular chaperone may be involved
n guiding virus from cell to cell.
A conspicuous feature of the closteroviral movement
achinery is that the quintet of participating proteins is
oded for by a gene cluster that is conserved among all
embers of the family Closteroviridae (Fig. 4) (Dolja et
l., 1994b; Klaassen et al., 1995; Karasev et al., 1996;
elkman et al., 1997; Zhu et al., 1998). By analogy to the
FIG. 4. Diagram of the genome summarizing the functions of BYV pr
RNA amplification were characterized by Peremyslov et al. (1998) and H
in BYV cell-to-cell movement was demonstrated by Peremyslov et al. (1
by Agranovsky et al. (1995).GB found in several genera of plant viruses (Morozov et
l., 1989), we propose naming this cluster a quintuple
hene block, or QGB. The analogies between TGB and
GB expand far beyond the juggling with words. Indeed,
ach of the TGB proteins is an MP (Petty and Jackson,
990; Beck et al., 1991; Gilmer et al., 1992), similar to QGB
roteins encoded by ORFs 2 to 4. A hydrophobic domain
f BYV p6 is marginally similar to the putative membrane-
ound domain of one of the TGB proteins (Agranovsky et
l., 1991). ATPase activity has been reported for the
argest TGB protein that is an RNA helicase homolog
Rouleau et al., 1994; Donald et al., 1997; Morozov et al.,
999), as well as for the largest QGB protein, HSP70h
Agranovsky et al., 1997). Furthermore, the TGB-contain-
ng, filamentous potexviruses require CP and virion for-
ation for their cell-to-cell movement (Chapman et al.,
992; Santa Cruz et al., 1998), analogously to the require-
ent for both CP and CPm in BYV.
It should be emphasized that the model system uti-
ized in this study allowed identification of genes re-
uired for BYV transport in leaf epidermis and mesophyll.
t is possible that the virus movement between the
hloem cells involves a distinct set of genes. Conserva-
ion of the QGB in the phloem-limited closteroviruses
uch as CTV and LIYV, however, suggests that the core
arts of translocation machinery are the same in all
losteroviruses.
Four of the QGB members are expressed early in BYV
nfection (Hagiwara et al., 1999) indicating that cell-to-cell
ovement is an early phase of the plant virus life cycle.
he only exception appears to be a gene encoding p64.
nother BYV protein that is expressed late in infection is
20 (Hagiwara et al., 1999). This study shows that al-
hough p20 is not essential for the cell-to-cell movement
n mesophyll, it may provide an accessory function facil-
tating this process. We cannot exclude that, in addition
o QGB proteins, one or more of BYV proteins associated
ith RNA accumulation is also required for cell-to-cell
ovement. The precedents of this sort include RNA poly-
erase of a bromovirus (Traynor et al., 1991) and RNA
The designations are the same as in Fig. 1. The requirements for BYV
a et al. (1999); the essential role of quintuple gene block (QGB) proteins
d in this work; the morphology of the tailed BYV virions was describedoteins.
agiwarelicase of a potyvirus (Carrington et al., 1998).
What is the significance of mapping the cell-to-cell
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198 ALZHANOVA ET AL.movement requirements of a closterovirus? First, com-
parative analysis of the movement machineries found in
diverse virus families is an important approach for iden-
tifying the common elements and, ultimately, revealing
the general mechanisms of intercellular translocation of
viruses in plants. Second, identification of specific func-
tions distributed among the five BYV proteins involved in
virus transport may highlight novel aspects of these
translocation mechanisms. Third, the high level of simi-
larity between closteroviral and cellular HSP70s permits
one to apply the knowledge available for cell molecular
chaperones to dissect structure to function relations in
the closteroviral MP.
MATERIALS AND METHODS
Generation of the BYV mutants
All of the mutations used in this study were generated
via site-directed mutagenesis (Kunkel et al., 1987) and
introduced into pBYV-GFP, a full-length BYV cDNA clone
tagged by insertion of the ORF encoding the green fluo-
rescent protein (GFP; Fig. 1; Peremyslov et al., 1999). The
only exception is the pBYV-GUS-p21 variant described
previously (Hagiwara et al., 1999). Since the direct mu-
tagenesis of the full-length clone was impractical, its
partial derivatives were utilized to introduce mutations
and subclone them into the full-length clone as de-
scribed (Peremyslov et al., 1998). A series of mutations
was designed to inactivate the start codons in ORFs 2, 4,
5, 6, and 7 encoding p6, p64, CPm, CP, and p20, respec-
tively, via replacing them with ATA codons as described
previously (Peremyslov et al., 1998; Fig. 1). The used
mutagenic primers each with prefix “No” followed by the
name of the product of the corresponding ORF are
shown in Table 2. Mutation p6TAG resulted in generation
TABLE 2
Oligonucleotides Used in the Study
Oligonucleotide Nucleotide sequencea (59–39)
Nop6 CTTCGCGGTGATATCCTGTGTACTCCG
Nop64-C ACCGCGTCGTCGTATGAACTGAAC
NoCPm TTTTGTGGAAAGACGTCGGCGCCCGAAG
NoCP CTTGAGTTTCGTATACGGATCAGCCGAACC
Nop20 AGCCACCGGAAAGTAGCTAGCTCTGTCG
p6TAG CATTCGGGTTTTAGATCTGCTTGTTTCTTT
N64S GTGCGTGTTGATAGCCGGCTATCACAAAAGAAGTTCGG
D64N GATAGTCGGAATTTTAGCTTCAGACATCAAG
CPmD AACCCAATCCTGTCGACACGTTTTGTGCTAC
CPD GAAAGCCTAACAAAATCGATTGTTTCTGCCGTAC
Dp20 CTAGCCACCGGAAAATAGGGTTGAAACCCAGTTC
1a-2-5 GCGGATCCTTGAGCTCCGTTC
1a-2-3 GCATGCATCCCGTGTTCGCCC
a Underlined nucleotides represent restriction endonuclease sites.of a premature stop codon in place of the 16th codon of
the ORF 2 (Fig. 1). An analogous mutation generating twoconsecutive stop codons after codon 324 was introduced
into ORF 4 using primer N64S (Table 2; Fig. 1). The
invariant arginine codons in ORFs 3 and 4 (numbers 128
and 114, respectively) were replaced with aspartic acid
codons using primers CPmD and CPD (Table 2) targeting
CPm and CP, respectively (Fig. 1). The large in-frame
deletion in mutant D64N (Table 2, Fig. 1) resulted in the
removal of ORF 4 codons 33 through 324. Likewise, in
deletion mutant Dp20, the codons from 1 to 71 were
removed (Table 2, Fig. 1). Since the only potential start
codon in the remaining part of ORF 7 is located near the
ORF 39-end, the corresponding mutant could produce
only a 55 amino acid-long polypeptide representing less
than a third of wild-type p20. Each of the 11 mutations
was verified by nucleotide sequencing.
Plant inoculation and analysis of mutant phenotypes
Capped RNA transcripts were generated using the
SmaI-linearized pBYV-GFP variants and SP6 RNA poly-
merase as described (Peremyslov et al., 1998). The prod-
ucts of 50 ml transcription reactions were used in 8-ml
liquots for manual inoculation of mature leaves of C.
erfoliata with the aid of carborundum. The inoculation
xperiments were reproduced at least twice. To account
or plant-to-plant variations in susceptibility to BYV infec-
ion, each of the mutants and the parental pBYV-GFP
ariant were inoculated onto separate leaves of each of
he six plants. The GFP-specific fluorescence of the in-
ection foci was observed in detached leaves at 10 days
ostinoculation as described by Peremyslov et al. (1999).
tatistical analysis of the data was conducted using the
test and Microsoft Excel 4 software package.
nalysis of RNA encapsidation in tobacco protoplasts
Tobacco protoplasts derived from suspension culture
ere transfected via electroporation as described (Dolja
t al., 1997) using ;4 3 106 cells and products of 50 ml
transcription reactions per transfection. Protoplasts were
held in the dark at room temperature for 4 days and
harvested for RNA encapsidation analysis. This analysis,
based on the protection of encapsidated RNA from deg-
radation by exogenous RNases, was developed by Wu
and Shaw (1996). The detailed protocol used in this
study, including detection of the protected RNA by RT-
PCR amplification, was recently published (Medina et al.,
1999). The oligonucleotide primers used to amplify the
internal part of the BYV genome encompassing BYV nts
from 3,460 to 4,210 were 1a-2-5 and 1a-2-3 (Table 2). The
expected size of the amplification products was 750 bp.
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